GaN is an excellent host for erbium (Er) to provide optical emission in the technologically important as well as eye-safe 1540 nm wavelength window. Er doped GaN (GaN:Er) epilayers were synthesized on c-plane sapphire substrates using metal organic chemical vapor deposition. By employing a pulsed growth scheme, the crystalline quality of GaN:Er epilayers was significantly improved over those obtained by conventional growth method of continuous flow of reaction precursors. X-ray diffraction rocking curve linewidths of less than 300 arc sec were achieved for the GaN (0002) diffraction peak, which is comparable to the typical results of undoped high quality GaN epilayers and represents a major improvement over previously reported results for GaN:Er. Spectroscopic ellipsometry was used to determine the refractive index of the GaN:Er epilayers in the 1540 nm wavelength window and a linear dependence on Er concentration was found. The observed refractive index increase with Er incorporation and the improved crystalline quality of the GaN:Er epilayers indicate that low loss GaN:Er optical waveguiding structures are feasible. The intra-4f transitions of Er 3þ ions lead to emissions at 1.54 lm which overlap with the minimum optical loss region of silica fibers used in optical communications. Consequently, extensive research has been devoted to the studies of Er incorporation into various hosts including optical fibers and semiconductor materials.
The intra-4f transitions of Er 3þ ions lead to emissions at 1.54 lm which overlap with the minimum optical loss region of silica fibers used in optical communications. Consequently, extensive research has been devoted to the studies of Er incorporation into various hosts including optical fibers and semiconductor materials. [1] [2] [3] [4] [5] [6] [7] One of the goals has been to combine the high functionality and compactness of semiconductor devices with the high information carrying capability of optical fiber networks. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The desired optical emission line at 1.54 lm from Er doped semiconductors with narrow bandgaps, such as silicon, has a low efficiency at room temperature due to a strong thermal quenching effect. In general, the thermal stability of Er emissions at 1.54 lm increases as the energy bandgap of the semiconductor host increases. 8 Over the last 20 yr, a number of research groups have studied materials growth and basic properties of Er doped III-nitride semiconductors, which are expected to be excellent host materials for Er ions due to their structural properties and wide bandgaps. [9] [10] [11] [12] [13] [14] [15] [16] [17] In addition to the wide interest stemming from photonic integrated circuits and optical communications, Er doped GaN semiconductor crystals (GaN:Er) have the potential to be an excellent gain medium for high energy lasers (HELs) operating in the eye-safer 1.54 lm spectral region. GaN has outstanding optical, mechanical, and thermal conductivity properties to withstand the severe operating conditions of HEL. In addition, a high Er doping level, above 10 21 cm À3 , is attainable in GaN, 14 which is three to four orders of magnitude higher than the typical doping level in Er-doped glass.
It is important to characterize the change of index of refraction of GaN:Er due to Er incorporation for many photonic device applications. Our studies have focused on GaN:Er epilayers grown by metal organic chemical vapor deposition (MOCVD). In an optical waveguide, the optical gain (G) is expressed as
where C; g; a; and L refer to the confinement factor, gain coefficient, optical attenuation, and length of the waveguide, respectively. In our previous work, the optical loss in GaN:Er waveguides was shown to be correlated with the linewidth of the GaN (0002) x-ray diffraction (XRD) rocking curves in xscan. More specifically, the optical attenuation coefficient a increased almost linearly with an increase of the full width at half maximum (FWHM) of the GaN (0002) XRD rocking curve. 19 This increase in the FWHM is an indication of the presence of a larger number of threading dislocations in GaN:Er epilayers that act as light scattering centers. Experimental results indicated that a FWHM < 380 arc sec is required in order to achieve GaN:Er waveguides with an optical loss less than 1 dB/cm. Previously, the attainable FWHM of GaN (0002) XRD rocking curves of GaN:Er epilayers deposited on sapphire substrate has been greater than 400 arc sec, [19] [20] [21] which is significantly larger than those of the typical undoped high quality GaN epilayers grown on sapphire substrate ($300 arc sec). 22 Consequently, finding effective methods to reduce the dislocation density in GaN:Er is necessary in order to realize low loss optical devices. In addition, the confinement factor C depends on the difference between refraction index of the active material and the surrounding media.
In this work, we report the use of a pulsed precursor flow MOCVD growth method for obtaining GaN:Er epilayers with significantly improved crystalline quality as determined by XRD measurements. The improved material quality also allowed characterization of the refractive index of GaN:Er epilayers in the 1.54 lm wavelength window with a high accuracy. Our results indicate that the refractive index of GaN:Er increases almost linearly with the Er doping concentration (N Er ). This finding implies a higher confinement factor can be achieved for waveguides with highly doped GaN:Er layers. Furthermore, the realization of improved crystalline quality via the pulsed growth method is expected to provide a dramatic reduction in the optical loss in GaN:Er based waveguides. The combination of enhanced confinement factor and reduced optical loss reinforces the potential of GaN:Er for 1.54 lm waveguide amplifier and laser applications.
GaN:Er epilayers of 0.6 lm in thickness were grown on c-plane sapphire substrates using pulsed flow MOCVD. The growth of these epilayers began with a thin GaN buffer layer, followed by a 1.5 lm undoped GaN epilayer template grown at 1040 C and a 0.6 lm GaN:Er epilayer. Thickness of epilayers was monitored using in-situ interferometer. Trimethylgallium (TMGa) and ammonia (NH 3 ) were used as group-III and group-V precursors, respectively. Tripisopropyl cyclopentadienyl-erbium (TRIPEr) was used as the in-situ Er doping precursor. Precursors were carried by hydrogen gas (H 2 ) into the MOCVD reactor which was set at 1000 C and a pressure of 20 Torr. The typical attainable FWHM of the GaN (0002) XRD rocking curve of GaN:Er epilayers has been larger than 400 arc sec, which rendered an optical loss >6 dB=cm in GaN:Er based optical waveguides. 19 We speculate that the pre-reaction between TRIPEr and NH 3 in the gas phase could be a cause of the degraded crystalline quality upon Er doping, similar to the prereaction between NH 3 and trimethylaluminum during AlN epilayer growth. [23] [24] [25] When NH 3 and TRIPEr are mixed in the injection area of the MOCVD reactor, they will react to form an adduct according to the following chemical reaction:
The adduct has a low vapor pressure, which makes the transport of Er into the reaction zone difficult. To overcome this problem to certain degree, we supplied NH 3 and the TRIPEr through separated lines to avoid the pre-mixing of NH 3 and TRIPEr precursors before injection into the reactor. In addition, we adopted a pulsed precursor flow growth scheme developed for AlN epilayer growth [23] [24] [25] to further reduce the chance of pre-reaction by flowing NH 3 in one pulse and then flowing TMGa and TRIPEr in another pulse. A phase shift epitaxy scheme was also used for the growth of Eu doped GaN by MBE to separate the optimization process of host lattice growth from doping. 26 In the high temperature growth area of the MOCVD reactor, the chemical reaction of GaN:Er epilayer growth can be described by the following equation:
where x denotes the Er doping concentration in GaN. In the pulsed growth process, at a given growth temperature, there are at least 6 basic parameters that need to be optimized, "on" time for NH 3 flow, "on" time for TMGa flow, "on" time for TRIPEr flow, and their respective flow rates. Figure 1 shows the optimum flow rates and pulse sequence employed to obtain the GaN:Er epilayer with the lowest FWHM of the (0002) XRD rocking curve. Due to the low vapor pressure of the Er (TRIPEr) precursor, it takes a few seconds to stabilize the flow of the TRIPEr mass flow controller. As such, a tradeoff must be considered while employing the pulsed growth method. In the optimized growth scheme shown in Fig. 1, 3 s of overlap between NH 3 pulse and TRIPEr pulse were employed to stabilize the flow of the TRIPEr mass flow controller before flowing TMGa.
To study the impact of the pulsed MOCVD method, three GaN samples were grown: one un-doped sample and two GaN:Er samples. The pulsed growth sequences for the two GaN:Er samples (pulsed growth-1 and pulsed growth-2) were identical except that the TRIPEr flow rates were different. The Er concentrations of these samples, $1.3 Â 10 20 and 3.6 Â 10 20 , were calibrated using secondary ion mass spectrometry (SIMS) conducted by Evans Analytical Group. For comparison, GaN:Er epilayers were also grown under continuous flow of reaction precursors. In Fig. 2 the XRD rocking curves of the GaN (0002) diffraction peak for GaN:Er epilayers grown with pulsed and continuous flow methods are compared. The pulsed growth method leads to FWHMs of less than 300 arc sec for GaN:Er epilayers. This is a major improvement over the conventional continuous flow growth method which produced a FWHM of 450 arc sec. Figure 3 shows the room temperature photoluminescence (PL) spectra of two GaN:Er samples synthesized by pulsed growth. It can be seen from Fig. 3 that the sample with higher Er concentration (N Er ) exhibits higher emission intensity at 1.5 lm, as expected. However, as shown in Fig. 2 , the impact of increasing in N Er on the FWHM of the XRD rocking curve of the GaN (0002) peak and hence on the crystalline quality is negligible.
The changes in the refractive index due to Er incorporation were measured by spectroscopic ellipsometry (SE) (alpha-SE Ellipsometer by J.A. Woollam Company). To   FIG. 1 . Schematic of the pulsed precursor flow MOCVD epitaxial growth method for the synthesis of GaN:Er epilayers with alternating supplies of reaction precursors of TRIPEr, TMG, and NH 3 . ensure the reliability of the measurement results, the refractive index of the undoped GaN (n o ) was compared to a previous publication 27 as well as with the reference data supplied with the SE system. The results shown in Fig. 4 indicate that the measurement results for undoped GaN are consistent with the reference values obtained using the same SE measurement technique. 27 Moreover, the raw SE data were fit over a wide spectral range of (385 nm-1600 nm) which adds to the reliability of the determined optical constants.
In Fig. 5(a) , we show the measured index of refraction values (n) in the infrared spectral region for an undoped GaN and the two Er doped GaN epilayers. The results indicate that n increases with an increase of the Er doping concentration (N Er ) at all wavelengths. Similar behavior has been observed in Er doped Polymethylmethacrylate (PMMA) layers. 28 Since 1.54 lm is the wavelength of most interest,
we plot the values of n at 1.54 lm as a function of N Er for these samples, a linear relationship between n Er and N Er is obtained, as shown in Fig. 5 (b) information to guide future designs of lasers and optical amplifiers based on Er-doped III-nitride materials, changes in the extinction coefficient or the imaginary part of the refractive index and the optical propagation loss should also be considered in the device design and will be reported in a separate study.
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